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Abstract. We present the discovery of the optical transient of 
the long-duration gamma-ray burst GRB 000630. The opti- 
cal transient was detected with the Nordic Optical Telescope 
21.1 hours after the burst. At the time of discovery the mag- 
nitude of the transient was R = 23.04±0.08. The transient dis- 
played a power-law decline characterized by a decay slope of 
a = — 1.035±0.097. A deep image obtained 25 days after the 
burst shows no indication of a contribution from a supernova 
or a host galaxy at the position of the transient. The closest 
detected galaxy is a R=24.68±0.15 galaxy 2.0 arcsec north 
of the transient. The magnitudes of the optical afterglows of 
GRB 980329, GRB 980613 and GRB 000630 were all R>23 
less than 24 hours from the burst epoch. We discuss the impli- 
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cations of this for our understanding of GRBs without detected 
optical transients. We conclude that i) based on the gamma- 
ray properties of the current sample we cannot conclude that 
GRBs with no detected OTs belong to another class of GRBs 
than GRBs with detected OTs and ii) the majority (> 75%) of 
GRBs for which searches for optical afterglow have been un- 
successful are consistent with no detection if they were similar 
to bursts like GRB 000630 at optical wavelengths. 

Key words: cosmology: observations - gamma rays: bursts 



1. Introduction 

The discoveries of the first X-ray afterglow (Costa et al. 1997) 
and Optical Transient (OT) (van Paradijs et al. 1997) of a 
gamma-ray burst (GRB) have led to a major breakthrough in 
GRB research. The determination of a redshift of 0.835 for 
GRB 970508 (Metzger et al. 1997), and the subsequent deter- 
mination of redshifts of more than a dozen bursts with a median 
redshift of ~ 1 .0, have firmly established their cosmological ori- 
gin (e.g. Kulkarni et al. 2000 and references therein). 

In several cases supernovae (SNe) have been connected to 
GRBs. Attention to this connection was, from the observational 
side, first drawn in the remarkable case of GRB 980425 that 
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was associated with SN1998bw (Galama et al. 1998). Further- 
more, the light-curves of GRB 970228 and GRB 980326 (Re- 
ichart 1999, Galama et al. 2000; Castro-Tirado and Gorosabel 
1999; Bloom et al. 1999) have bumps that are consistent with 
a contribution from an underlying SN. In no cases the pres- 
ence of an underlying SN contribution to the light-curve has 
been firmly excluded. The exclusion of a SN contribution from 
the light-curve of GRB 990712 (Hjorth et al. 2000) was based 
on a wrong identification of the OT in the HST image. A re- 
vised analysis indeed shows an underlying SN contribution to 
the light-curve (Bjornsson et al. 2001). 

Moreover, for less than half (« 30%) of all GRBs with 
well-determined coordinates have searches for optical coun- 
terparts been successful. In some cases the lack of detection 
can be easily explained by too bright detection limits (e.g. due 
to light from the moon, nearby bright stars or twilight), too 
slow reaction time or high foreground extinction in the Galaxy. 
However, GRB 981226 (Frail et al. 1999) and GRB 990506 
(Taylor et al. 2000) displayed no optical afterglow down to R- 
band limits of R=23 and R=23.5 less than half a day after the 
bursts (Jensen et al. 1999; Pedersen et al. 1999), and both had 
a detectable radio afterglow. GRB 970828 (Groot et al. 1998a) 
had a weak X-ray counterpart, but no OT was detected down to 
an R-band limit of 23.8 only 3 hours after the burst. It is still 
not known whether these 'dark' bursts constitute the faint end 
of a (continuous) OT luminosity function or whether they rep- 
resent a special class of GRBs that are truly dark in the optical 
(in other words a dichotomy similar to the radio-loud vs. radio 
quiet dichotomy for QSOs). 

In this paper we present the detection of the OT of 
GRB 000630. GRB 000630 was observed by Ulysses, Konus- 
Wind, NEAR, and the BeppoS AX GRBM June 30.02 UT (Hur- 
ley et al. 2000). GRB 000630 had a duration of -20 s, and a 
25-100 keV fluence of — 2x 10~ 6 erg cm -2 . These gamma-ray 
properties are consistent with the long-duration class of bursts 
(Hurley 1992; Kouveliotou et al. 1993). In Sect. |and in Sect. | 
we present our optical observations and the results we have ob- 
tained. We also discuss the implications of our results on our 
understanding of the ks 70% of GRBs with no detected optical 
counterparts. Finally we summarize our results in Sect. 

2. Observations 

The IPN error-box of GRB 000630 (Hurley et al. 2000) was ob- 
served in the R-band with the 2.56-m Nordic Optical Telescope 
(NOT) on 2000 June 30.90 UT (0.88 days after the burst) us- 
ing the Andalucfa Faint Object Spectrograph (ALFOSC). Com- 
paring with red and blue Palomar Optical Sky Survey II expo- 
sures no OT was found (Jensen et al. 2000a). Further R-band 
imaging of the field was carried out on July 1.9 UT. One ob- 
ject was found to have faded about one magnitude from June 
30.90 to July 1.9. Subsequent deep R-band imaging obtained 
on July 3.9 UT confirmed the transient nature of the object and 
hence established this object as the likely optical afterglow of 
GRB 000630 (Jensen et al. 2000b). Further deep R-band imag- 
ing of the OT was obtained at the NOT on July 10.9 UT and 



Table 1. The journal of observations. 



UT 


Telescope 


Band 


Magnitude 


Seeing 
(arcsec) 


Exp. time 
(sec) 


June 30.87 


CA 


R 


23.00±0.30 


1.4 


2x600 


June 30.90 


NOT 


R 


23.04±0.08 


0.9 


3x300 


July 1.24 


USNO 


R 


23.13±0.25 


2.1 


18x600 


July 1.88 


NOT 


R 


24.05±0.16 


1.2 


3x600 


July 1.89 


CA 


R 


23.85±0.22 


1.3 


2x900 


July 3.91 


NOT 


R 


24.67±0.14 


0.8 


5x600 


July 4.06 


TNG 


B 


>26.0 


1.0 


1800 


July 4.10 


TNG 


V 


25.44±0.23 


1.3 


1800 


July 10.9 


NOT 


R 


>25.3 


1.1 


6x600 


July 25.9 


NOT 


R 


>26.1 


0.8 


11x600 



on July 25.9 UT. We have also obtained R-band imaging with 
the U.S. Naval Observatory Flagstaff Station (USNOFS) 1.0- 
m telescope and the Calar Alto (CA) 2.2-m telescope (Greiner 
et al. 2000), and B and V images with the 3.5-m Telescopio 
Nazionale Galileo (TNG). The journal of observations is re- 
ported in Table |} 

3. Results 

3.1. Astrometry 

By measuring the position of the OT relative to 29 stars in 
the USNO-A2.0 catalog we found the celestial coordinates 
of the OT to be RA(J2000) = 14:47:13.485, Dec(J2000) = 
+41:13:53.25. The rms deviations around a fit to the positions 
of the 29 stars is 0.3 arcsec. A region of the NOT images cen- 
tred on the OT is shown in Fig. [j]. 

3.2. Photometry 

3.2.1. The R-band light-curve 

As the OT was faint at the time of discovery and as it is situated 
in a region with several nearby galaxies we have performed 
Point S pread Functi on (PSF) photometry with DAOPHOT II 
(Stetson 1987 , 1997 ) to measure the magnitude of the OT. We 
first performed relative PSF-photometry between the OT and 
stars in the field. Standard magnitudes for these stars were then 
obtained from Henden (2000) and the offset from the PSF- 
photometry to the standard system was derived. The magni- 
tudes of the OT derived in this way are given in Table [|. The 
OT was not detected in the two latest epochs (July 10.9 and 
25.9). For these epochs we have provided the 2a upper limits 
to the OT R-band magnitude. 

To derive the light-curve parameters we fit a linear rela- 
tion of the form R = R - a2.51og(A<) to the NOT and 
Yost et al. (2000) data points. The x 2 P er degree of freedom 
is 0.56 and the derived value of the power-law decay slope is a 
= -1.035±0.097. 
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June 30.9 



* 



July 3.9 



1 



* 



Fig. 1. Upper panel: A 30x30 arcsec 2 section of the combined 
image from June 30.9, about 21.1 hours after the burst, centered 
on the Optical Transient (OT) of GRB 000630 (marked by an 
arrow). Lower panel: The same region on July 3.9. The OT has 
faded by about 1.7 magnitudes. Note also the faint galaxy 2 
arcsec north of the OT. 



3.2.2. B and V band photometry 

We performed the B and V-band photometry in the same way 
as for the R-band. The results are shown in Table |l|. The OT 
was only detected in the V-band, hence for the B filter we can 
only derive a 2a upper limit. The V— R colour of the OT is 
0.77±0.27, redder than most OTs observed so far and simi- 




Fig. 2. A 10 x 10 arcsec 2 section of the combined image from 
July 10.9 and July 25.9 centered on the position of the OT of 
GRB 000630. The OT is not seen (the position has been marked 
by x). A galaxy is detected 2.0 arcsec north of the OT. The 
image has been smoothed with a 3 x 3 pixel box-car filter. 



lar to the red afterglow of GRB 000418 (Klose et al. 2000). 
The foreground extinction towards the field of GRB 000630 is 
E(B-V)=0.013±0.02 (Schlegel et al. 1998), which is negligi- 
ble. 



3.3. Limit on the magnitude of the host galaxy 

There are no indications of a host galaxy right underneath the 
point source emission from the OT. The closest galaxy is lo- 
cated 2.0 arcsec north of the OT. In order to put a stringent 
limit on the magnitude of any galaxy coincident with the OT we 
combined all the images obtained on July 10.9 and July 25.9 
(a total of 2.8 hours of imaging) using the code described in 
M0ller and Warren (1993). The final combined image reaches 
a 5<T limiting magnitude of 25.2 in a 1.0 arcsec radius circular 
aperture. The FWHM of point sources in the combined image 
is 0.93 arcsec. 

Fig. U shows a 10x10 arcsec 2 region centered on the po- 
sition of the OT. No emission is detected at that position. The 
magnitude of the nearest galaxy, 2.0 arcsec north of the OT, 
is 24.68±0.15 measured in a 1.0 arcsec radius circular aper- 
ture. The galaxy has an extension in the direction of the OT, 
but we cannot with any certainty establish whether this galaxy 
is the host galaxy of GRB 000630. The galaxy is also detected 
in the B and V band images of TNG. The colours of the galaxy 
are B- V=0. 1 ±0.3 and V-R=0.2±0.2, which is blue compared 
e.g. to the galaxies in the NTT deep field (Arnouts et al. 1999, 
their Fig. 2). 
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3.4. Constraint on the presence of an underlying SN 

The OT was not detected in the deep R-band image ob- 
tained 25.9 days after the event, which constrains the possi- 
ble contribution to the light-curve from a supernova similar 
to SN1998bw. Even if the decay slope a has steepened to a 
= —2.5 four days after the high energy event we can exclude 
(by 2 and 0.5 magnitudes for redshifts of z=0.5 and 1.3 respec- 
tively) a contribution from a supernova like SN1998bw if the 
redshift of the GRB is below ~1.3. Any extinction in the host 
galaxy of the OT emission will of course loosen this constraint. 

3.5. Implications for dark bursts 

The OTs of GRB 980329, GRB 980613 and GRB 000630 are 
the faintest optical transients detected within 24 hours from the 
high energy events. The OT of GRB 980329 was detected with 
the New Technology Telescope at R=23.6±0.2 0.83 days af- 
ter the GRB (Palazzi et al. 1998) at the position of a previ- 
ously found radio afterglow (Taylor et al. 1998). The OT of 
GRB 980613 was detected with the NOT 0.69 days after the 
GRB with a magnitude of R=22.9±0.2 (Hjorth et al. 1998, 
1999; Hjorth et al. in prep.). GRB 000630 is interesting be- 
cause for this faint burst the afterglow properties (decay and 
spectral slope) are fairly well constrained. The faintness of the 
OT of GRB 000630 cannot be explained by a steep decay slope 
as in the case of GRB 980326 (Groot et al. 1998b). Hence, the 
OT must be faint either due to reddening in the host galaxy as 
in the case of GRB 000418 (Klose et al. 2000), a very high 
redshift as in the case of GRB 000131 (Andersen et al. 2000) 
or a low-density circumburst environment (Meszaios and Rees 
1997; Taylor et al. 2000). The V-R colour of the OT implies a 
spectral slope of /3 = -2.09±0.97 (F„ oc t a u p ), which, though 
uncertain, may indicate either significant reddening in the host 
galaxy or a high redshift. Spectral slopes of GRJBs are typically 
between —0.6 and —1.0. 

It is still not understood why OTs have only been detected 
for about 30% of well localized GRBs. Possible explanations 
are i) there is a optically bright vs. optically dark dichotomy for 
GRBs similar to the radio quiet vs. radio loud dichotomy for 
QSOs (i.e. a bimodal OT luminosity function), ii) a large frac- 
tion of GRBs occur at redshifts z > 7 and are hence invisible in 
the optical due to Ly-a blanketing and absorption by interven- 
ing Lyman-limit systems, Hi) a large fraction of GRBs occur in 
highly obscured galaxies similar to the SCUBA-selected galax- 
ies (e.g. Ivison et al. 2000) so that the optical emission never 
escapes the host galaxies, or iv) the shape of the OT luminosity 
function is such that with the search strategies applied in the 
period 1997-2000 we would not expect to detect OTs for more 
than 30% of the well localized GRBs. 

In order to shed some light on this problem we have com- 
piled in Table ^| mainly using the GCN Circular archive^], the 
most stringent R-band upper limits to magnitudes and their ob- 
servation epochs relative to the GRB epoch (At) for 43 GRBs 
with no detected OT. The left panel in Fig. || shows the upper 
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Fig. 3. Left panel: the limiting R-band magnitudes vs. the log- 
arithm of the number of days from the GRB epoch to the time 
of observation for 43 GRBs with no detected OT. Also plotted 
is the light-curve of the OT of GRB 000630. The extrapola- 
tion to earlier times than we have data for is shown as a dashed 
line. Right panel: a histogram of R-band magnitudes at At = 1 
day for GRBs with detected OTs (GRBs prior to and including 
GRB 000630). 



limits plotted against At for the 43 GRBs. Also plotted is the 
light-curve of the OT of GRB 000630 (full-drawn line) and 
its extrapolation to earlier times than the first observing epoch 
(dashed line). As seen, except for GRB 9903 16, all upper limits 
are above the observed (> 1 day after GRB event) light-curve 
of GRB 000630. However, the strong upper limit on the mag- 
nitude of GRB 990316 is only valid for a 2x2 arcmin 2 region 
around a candidate LOTIS transient that may be unrelated to 
the GRB. The upper limits for GRB 970815, GRB 970828, 
GRB 981226, GRB 990217, GRB 990506, GRB 990704, 
GRB 990806, GRB 991014, GRB 991105, and GRB 000615 
are below the extrapolation of the light-curve to earlier times. 
Two of these, GRB 991014 and GRB 991 105, occurred in fields 
with relatively high foreground extinction (with E(B— V) val- 
ues 0.268 and 0.598 respectively). Note here, that not all OT 
light-curves peak at At<l day (Guarnieri et al. 1997, but see 
also Galama et al. 2000; Pedersen et al. 1998). In the right panel 
of Fig. ||we show the histogram of R-band magnitudes at At=l 
day (in 0.5 mag bins) of the 13 OTs (prior to and including 
GRB 000630) that were detected earlier than 24 hr after the 
burst. It is much more difficult to detect an OT at R=23 than at 
R=19.5, and an OT having R=24 at At=l day would almost cer- 
tainly not be detected with current search strategies. Therefore 
the observed distribution is not the real distribution of apparent 
OT magnitudes. The real distribution must have a larger frac- 
tion of bursts in the fainter bins. From the two plots in Fig. |]we 
conclude that the majority (> 75%) of GRBs without detected 
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Fig. 4. a: The spectral hardness vs. duration plot for 1959 
BATSE bursts. Indicated are the positions in the diagram of 
the GRBs with and without detected OTs. b: The channel 3 flu- 
ence histogram for all BATSE bursts and the positions in the 
distribution of GRBs with and without detected OTs. c: The 
R(l day) plotted against the log of the channel 3 fluence. 



OTs are consistent with no detection if they were similar to 
dim bursts like GRB 980329, GRB 980613, and GRB 000630 
at optical wavelengths. 

In Fig. [|a-c we compare the properties of BATSE-detected 
GRBs with and without detected OTs. In Fig. [|a we show 
the spectral hardness vs. duration plot for 1959 BATSE bursts 



(shown as contours following Jensen et al. (2001)). Superim- 
posed as filled circles and crosses are the positions of GRBs 
with and without detected OTs. As seen, the two groups popu- 
late the same region in the long-duration part of the diagram. In 
Fig. we show the channel 3 fluence histogram in 0. 1 dex bins 
for all BATSE bursts. The GRBs with and without detected OTs 
again show similar distributions. Finally, in Fig. |]c the R-band 
magnitude of the OT at At = 1 day in 0.5 mag bins for GRBs 
with detected OTs or the upper limit for GRBs without detected 
OTs are plotted against the logarithm of the channel 3 fluence. 
We have shifted the upper limits to At = 1 day assuming a 
decay slope of a = —1. Intuitively one might expect a corre- 
lation between the energy released at gamma-ray wavelengths 
and in the optical at some level, although different redshifts and 
different amounts of dust obscuration will increase the scatter. 
However, Fig. |]c does not indicate any correlation. Moreover, 
the upper limits for the majority of GRBs with no detected OTs 
do not place them in regions of the diagram that are not already 
populated by GRBs with detected OTs. This means that based 
on the gamma-ray properties of the current sample we cannot 
conclude that GRBs with no detected OTs belong to another 
class of GRBs than GRBs with detected OTs. 

4. Summary 

The OT of GRB 000630 was detected with the NOT 21.1 
hours after the high energy event with an R-band magnitude of 
23.04±0.08. The OT subsequently followed a power-law decay 
characterized by a slope of a = — 1.035±0.097. From the deep 
R-band image obtained 25.9 days after the event we find that 
there is no evidence for an underlying SN. Furthermore, there 
is no indication of a host galaxy down to a 5a limit of R=25.2 
right underneath the point source emission from the OT. The 
closest galaxy is a blue galaxy located 2.0 arcsec north of the 
OT. 

For the problem of dark bursts we find that the majority 
(> 75%) of GRBs for which searches for optical afterglow 
have been unsuccessful are consistent with no detection if they 
were similar to bursts like GRB 000630 at optical wavelengths. 
We at present cannot exclude nor confirm any of the explana- 
tions i - iv listed above (see Sect 3.5) for why some bursts are 
darker than others. In order to establish the reasons why most 
GRBs searches for OTs up till now have been unsuccessful, 
and thereby obtain a more complete understanding of optical 
afterglows to GRBs and the relation between optical and high 
energy properties of GRBs, it is therefore essential to conduct 
deep (Rum > 24 at At <1.0 day) follow-up imaging at optical 
wavelengths and also deep infra-red follow-up of a sample of 
well localized and homogeneously selected GRBs. This is fea- 
sible with the next generation of GRB satellites and 8-m class 
telescopes. 

Acknowledgments 

We thank our anonymous referee for comments that helped us 
improve the discussion of dark bursts significantly. Some of the 



6 



J.U. Fynbo et al,: Detection of the optical afterglow of GRB 000630: Implications for dark bursts 



data presented here have been taken using ALFOSC, which is 
owned by the Institute de Astrofisica de Andalucia (IAA) and 
operated at the Nordic Optical Telescope under agreement be- 
tween IAA and the NBIfAFG of the Astronomical Observatory 
of Copenhagen. Support for this programme by the director of 
the Nordic Optical Telescope, professor Piirola, is much ap- 
preciated. We acknowledge M. Feroci for his assistance with 
IPN operations and F. Frontera for his assistance with Bep- 
poSAX operations. KH is grateful for Ulysses support under 
JPL Contract 958056, for NEAR support under NASA grant 
NAG5-9503, and for BeppoSAX support under NASA grant 
NAG5-9126. We thank F. Hoyo for help in the observations 
at Calar Alto. JG acknowledges the receipt of a Marie Curie 
Research Grant from the European Commission. This work 
was supported by the Danish Natural Science Research Coun- 
cil (SNF). 



Palazzi R., Pian E., Masetti N, 1998, A&AL 336, 95 
van Paradijs J., Groot P.J., Galama T, et al., 1997, Nature 386, 686 
Pedersen H., Jaunsen A.O., Grav T, et al., 1998, ApJ 496, 311 
Pedersen H., Hjorth J., Jensen B.L., Jaunsen A.O., Holland S., 1999, 

GCN 352 
Reichart D.,E., 1999, ApJ 521, LI 1 1 

Schlegel D.J., Finkbeiner D.P, Davis M., 1998, ApJ 500, 525 

Stetson P., 1987, PASP 99, 191S 

Stetson P., 1997, "User's Manual for DAOPHOT II" 

Taylor G.B., Frail D.A., Kulkarni S.R., et al., 1998, ApJL 502, 1 15 

Taylor G.B., Bloom J.S., Frail D.A., et al., 2000, ApJ 537, L17 

Yost S., Harrison R, Diercks A., 2000, GCN 748 



References 

Andersen M.I., Hjorth J., Pedersen H., et al., 2000, A&A 364, L54 
Arnouts S., D'Odorico S., Cristiani S., et al., 1999, A&A 343, 19. 
Bjornson G., Hjorth J., Jakobsson P., Christensen L., Holland S., ApJL 
submitted 

Bloom J.S., Kulkarni S.R., Djorgovski S.G., et al., 1999, Nature 401, 
453 

Castro-Tirado, A. J., & Gorosabel, J„ 1999, A&AS, 138, 449 
Costa E., Frontera E, Heise J., et al., 1997, Nature 387, 783 
Frail DA., Kulkarni S.R., Bloom J.S., et al., 1999, ApJ 525, L81 
Galama T.S., Vreeswijk P.M., Paradijs J. van, et al. 1998, Nature 395, 
670 

Galama T.S., Tanvir N, Vreeswijk P.M., et al. 2000, ApJ 536, 185 
Gorosabel J., 1999, Ph D. Thesis, Univ. of Valencia. 
Gorosabel J., Castro-Tirado A. J., Wolf C, et al., 1998, A&A 339, 719 
Gorosabel J., 2000, Priv. Comm. 

Greiner J., Henden A., Merlino S, et al., 2000, GCN 743 
Groot P.J., Galama T.J., van Paradijs J., et al., 1998a, ApJ 493, L27 
Groot P.J., Galama T.J., Vreeswijk P.M., et al., 1998b, ApJ 502, L123 
Guarnieri A., Bartolini C, Masetti N, et al., 1997, A&A 328, L13 
Henden A., 2000, GCN 742 

Hjorth J., Andersen M.I., Pedersen H., et al., 1998, GCN 109 
Hjorth J., Pedersen H, Jaunsen A.O., Andersen M.I., 1999, A&AS 
138, 461 

Hjorth J„ Holland S., Courbin E, 2000, ApJL 534, 147 

Hurley K, 1992, AIP Conf. Proc. 265, "Gamma-Ray Bursts", Eds. W. 

Paciesas and G. Fishman, AIP (New York) 
Hurley K, Cline T, Mazets E., et al., 2000, GCN 736 
Ivison R.J., Smail I., Barger A.J., et al., 2000, MNRAS 315, 209 
Jensen B.L., Hjorth J., Pedersen H, et al., 1999, GCN 190 
Jensen B.L., Pedersen H., Hjorth J., et al., 2000a, GCN 739 
Jensen B.L., Fynbo J.P.U., Pedersen H., al., 2000b, GCN 747 
Jensen B.L., Fynbo J.P.U., Gorosabel J., al., 2001, submitted to A&A 
Klose S., Stecklum B., Masetti N, et al., 2000, ApJ in press 
Kouveliotou C, Meegan C.A., Fishman G.J., et al., 1993, ApJ 413, 

L101 

Kulkarni S.R., Berger E., Bloom J.S., et al., 2000a, To appear i n Proc. 



of the 5th Huntsville GRB Symposium ( |astro-pri/0002168| ) 
Meszaros P., Rees M.J., 1997, ApJ 476, 232 

Metzger M.R., Djorgovski S.G, Kulkarni S.R., et al., 1997, Nature 
387, 878 

M0ller P., Warren S.J., 1993, A&A 270, 43 



J.U. Fynbo et al.: Detection of the optical afterglow of GRB 000630: Implications for dark bursts 



7 



Table 2. A compilation of upper limits to magnitudes and ob- 
servation times after the high energy event (At) for 43 GRBs 
with no detection of an OT. Besides IAU and GCN circulars the 
references are: (1) Gorosabel et al. 1998; (2) Gorosabel 1999; 
(3) Groot et al. 1998a; (4) Gorosabel 2000. 
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